Introduction
The technology for the storage of spermatozoa has been largely derived from empirical experimentation (Smith, 1961) . In general, a wide scan is made of the manipulations needed in vitro to prepare the spermatozoa for freezing, and then the processes judged to be most favourable are utilized for fertility trials. This procedure has been followed by several groups investigating the storage of boar semen (Paquignon & du Mesnil du Buisson, 1973; Wilmut & Polge, 1974; Larsson & Einarsson, 1975; Pursel & Johnson, 1975; Osinowo & Salamon, 1976) , and the resulting methods are characterized by great heterogeneity (reviewed by Einarsson, 1973; Paquignon & du Mesnil du Buisson, 1973) , particularly for the amount of glycerol used although the mode of action of glycerol has not yet been fully elucidated (Einarsson, 1973) .
To clarify some aspects of storage technology, metabolic studies of boar spermatozoa were carried out in relation to one storage procedure which had been derived from motility studies in vitro and which gave satisfactory fertility in the field (Paquignon & Courot, 1976 ).
Materials and Methods
General methods Sperm samples. Whole ejaculates were collected manually, filtered through gauze, and the seminal plasma was removed after centrifugation at 900 g at 28°C for 10 min. The percentage of motile spermatozoa was estimated with phase-contrast microscopy at 37°C.
Freezing and thawing of spermatozoa. These processes were essentially as proposed by Paquignon & Courot (1975) . The spermatozoa, after separation from seminal plasma, were diluted at 28°C with a diluent based on egg yolk and glucose (Polge, Salamon & Wilmut, 1970) such that 275 mM-glucose was present after mixing. The semen was cooled to 15°C in a 100 ml tube over a 1 h period and maintained at 15°C for 4 h. It was then diluted a second time with the same diluent but containing glycerol to give final concentrations of 280-290 mM-glucose, 2% (v/v) glycerol and 600-800 IO6 spermatozoa/ml. The mixture was cooled to 5°C over 1 h and frozen into pellets (0· 1 ml) on solid C02 before transfer to liquid nitrogen. Thawing of the pellets was effected by their addition to 5 volumes of INRA-ITP thawing diluent at 50°C (Paquignon & du Mesnil du Buisson, 1973) . This thawing diluent contained 1000 i.u. penicillin/ml, 1 mg streptomycin/ml, 17 mM-glucose, 68 mM-sodium citrate, 25 mM-sodium bicarbonate, 5-4 minKCland9-9mM-EDTA. Oxygen uptake was measured at 37°C in a 'Clark'-type oxygen electrode which was calibrated by the method of Robinson & Cooper (1970) . New samples were taken every hour from about 100 ml of a suspension of the spermatozoa maintained at 37°C with gentle shaking. The effect of 0-6 mM-caffeine on oxygen uptake was examined by adding caffeine to the subsamples in the electrode, and not to the bulk sample. In a separate experiment with 6 ejaculates, freshly collected spermatozoa showed a slight rise in oxygen uptake during the first 2 h (Text- fig. 1 ), whereas the oxygen consumption of thawed cells fell most rapidly at this time (storage hours of incubation interaction: < 0-001). The addition of caffeine to sub-samples increased oxygen consumption for fresh and thawed cells (P < 0-01). The effect was maintained on the fresh spermatozoa, but declined with time for the thawed cells, as did the oxygen uptake of unstimulated thawed cells (storage caffeine hours of incubation interaction: < 0-01). Some of the ejaculates were incubated for a further 3 h and the trends were continued.
Discussion
The alteration in cell metabolism with increasing concentration of glycerol meant that comparisons of the metabolism of glucose and glycerol during the processing of semen could not be inferred from comparisons when less substrate was used. This increased the difficulty of the experiments with respect both to specific activities and to the number of competing substrates (O'Shea & Wales, 1966 & White, 1957; Sherman, 1963; Wilmut, 1971; Berndtson & Foote, 1972) . This ready penetration into boar spermatozoa may be associated with the increased glycerol utilization which accompanies increased glycerol concentration, and with the preferential usage of glycerol rather than glucose by cooled and thawed cells. Ackerman (1970) has reported that human spermatozoa subjected to freezing utilize more glycerol and it has been suggested (Hood, Foley & Martin, 1970) that in cold-shock there is a breakdown in the mechanisms providing energy for the maintenance of the cell's internal environment, possibly involving damage to the membranes. Glycerol metabolism could provide energy to such cells. Although this metabolic utilization could bè a factor in the protection exerted by glycerol, its physico-chemical properties seem to be more important in cryoprotection (Smith, 1961; Sherman, 1964; Orii & Morita, 1977) .
One puzzling observation is the increased accumulation of lactate by the thawed cells, although this has also been observed with human spermatozoa (Ackerman, 1968) . In the present study the accumulation could have been due to metabolism of immotile cells because the results were expressed per 108 motile cells. Brooks & Mann (1973) have shown that there was a large depression of glycolysis in cold-shocked, immobilized spermatozoa, but that the decrease in pyruvate metabolism was much less. In the present study glycolysis was markedly depressed by storage. It is therefore possible that increased lactate production from substrates other than glucose and the preferential utilization of glycerol by thawed cells are functions of severely damaged spermatozoa, rather than being related to the metabolism of the remaining motile spermatozoa.
That membrane damage occurs during storage has been inferred from the loss of intracellular constituents (Mann, 1964; Graham & Pace, 1967;  Darin-Bennett, Poulos & White, 1973) , from the increased membrane permeability to stains (Easley, Mayer & Bogart, 1942; Mann, 1964) , and from morphological changes (e.g. Healey, 1969; Kann & Hollande, 1972; Yasuda & Tanimura, 1974; Larsson & Einarsson, 1975) . Such membrane damage is paralleled by loss of lipid during cold-shock or freezing-thawing (Hartree & Mann, 1959; Pickett & Komarek, 1967; Darin-Bennett et ai, 1973 (Darin-Bennett et al., 1973) , and this may be related to the decreased relative incorporation of stearic acid into phosphatidyl choline and of both stearic and palmitic acids into phospholipids in general. Although not significant the apparent decline in incorporation of the fatty acids into the fraction containing phosphatidyl serine may be related to the protection by phosphatidyl serine of boar spermatozoa against cold shock (Butler & Roberts, 1975 (Watson, 1975) . A similar examination of glycerol incorporation into lipids would be of interest, although repair of freezing damage, as occurs in other cells (McGann, Kruuv & Frey, 1972) , has not been shown to occur in spermatozoa.
The relative amounts of the fatty acids incorporated into phospholipids or neutral lipids differ in boar spermatozoa from the values reported for bull and ram spermatozoa (Mills & Scott, 1969) , in that relatively more isotope became incorporated into phospholipids in the boar spermatozoa. In bull and ram spermatozoa, phosphatidyl inositol had an especially high incorporation of fatty acids (Neill & Masters, 1972 , and a similar pattern seems to exist in boar spermatozoa.
The oxygen uptake of fresh spermatozoa was maintained for up to 8 h in the presence of 42-47 mM-glycerol in the present experiments although reports of detrimental effects on boar spermatozoa have usually involved high levels of glycerol (e.g. Sanford, King & MacPherson, 1972) . Although the initial oxygen uptake of stored cells is not much less than that of fresh spermatozoa, the more rapid decline during incubation of their motility and metabolism has important practical implications (White, Blackshaw & Emmens, 1954) . The increased oxygen uptake of stored cells when caffeine is added is interesting but the transient nature of this stimulation removes some of its possible value. The gradual decrease in the ability of the stored cells to be stimulated by caffeine may be related to the toxic effect of caffeine when time of incubation with caffeine is increased (Paquignon & Dacheux, 1977) .
